The significant halogenation effects on the essential properties of graphene are in- 
by the distinct kinds of adatoms. The theoretical calculations are compared with the experimental measurements on geometric structures and electronic properties; furthermore, the potential applications are also discussed.
Computational methods
In this work, the essential properties are studied by the first-principle density functional theory using the Vienna ab initio simulation package.
[33] The exchange-correlation energy due to the electron-electron interactions is calculated from the Perdew-Burke-Ernzerhof functional under the generalized gradient approximation. [34] The projector-augmented wave pseudopotentials are employed to evaluate the electron-ion interactions. [35] The wave functions are built from the plane waves with a maximum energy cutoff of 500 eV.
The spin configurations are taken into account for the adatom-adsorbed graphene systems.
The vacuum distance along the z-axis is set to be 15Å for avoiding the interaction between two neighboring cells. The first Brillouin zone is sampled in a Gamma scheme along the two-dimensional periodic direction by 12 × 12 × 1 k points for structure relaxations, and by 100× 100× 1 for further calculations on electronic properties. The convergence criterion for one full relaxation is mainly determined by setting the Hellmann-Feynman forces smaller than 0.01 eV/Å and the total energy difference of ∆ E t < 10 −5 eV.
The various atomic orbitals of carbons and adatoms are included in the first-principles calculations simultaneously, so that the dramatic changes of chemical bondings in honeycomb structure and the critical hybridization of distinct adatoms could be investigated in detail. The single-or multi-orbital chemical bondings are obtained from the detailed examinations on the atom-dominated energy bands, the spatial distributions for charge and charge difference, and the orbital-projected DOS. Such bondings will play a critical role in the essential properties so that they can account for the unusual features of halogenated graphenes. In addition, they are very useful in determining the various hopping integrals (the parameters) in the tight-binding model. The above-mentioned viewpoint is suitable for any condensed-matter systems.
Results and discussions
Under the various halogenations, the planar/buckled structures, the metallic/semiconducting behaviors, the non-magnetism/ferromagnetism, the critical orbital hybridizations, and the van Hove singularities are worthy of a systematic investigation. The effects due to distinct adatoms, concentrations, and distributions are explored in detail. The up-to-date experimental verifications are also discussed.
Geometric structures
Recently, theoretical and experimental researchers have been interested in investigating the geometric properties of halogenated graphenes, especially for fluorinated graphene. The geometric structures of halogen-adsorbed monolayer graphene are shown in Fig. 1 . The top site is the most stable position compared to the hollow and bridge ones, consistent with the previous studies. [31, 36] The optimized X-C bond lengths of halogenated graphenes grow with the increasing atomic number. For example, at the same concentration (3.1% in Table I ), they change from 1.57Å to 3.72Å during the variation of F→At t. The F-C bond lengths are much smaller than the other X-C ones. Flourination can create the buckled 5 structures ( Fig. 1(g) ), in which carbon atoms in the F-C bonds deviate from the graphene sheet along the z-direction (heights of 0.32-0.48Å in Table 1 ). The π and σ bondings of graphene are expected to exhibit the drastic changes (discussed later). On the contrary, the other halogenated graphenes keep the planar structures even under high concentrations. In addition, the configuration parameters also depend on the adatom distribution, as shown for the 50% cases of single-and double-side F doping ( Table 1) . The above-mentioned characteristics clearly indicate that the F adatom has the strongest bonds with C atoms among the halogenated graphenes.
The binding energy energy (E b ) due to halogenation can account for the unusual geometric structures. E b of n adsorbed halogen (X) adatoms is expressed as E b = (E tot -E gra -nE X )/n, where E tot , E gra , and E X are the total ground state energies of the halogenated graphene, pristine graphene, and isolated X adatom, respectively. As illustrated in Table   1 , the F adatom presents the largest binding energy, implying the most stable compared to the other halogen ones. The stability of halogenated graphene decreases in the ordering of F > Cl > Br > I > At, which agrees well with other theoretical studies. [31, 37] It should be noticed that the Cl-, Br-, I-and At-absorbed graphenes possess the meta-stable configurations with the adatom heights close to those of F. This configuration presents a smaller binding energy compared to the most stable one, e.g., the chlorinated systems (Table 1) . [31, 38] The reduced ground state energy mainly results from the weakened sp 2 bondings in the longer C-C bonds. The very strong orbital hybridizations in Cl-C bonds can destroy the Dirac-cone structure and create an observable energy gap (E g = 1.41 eV at 100%). But for the optimal configurations, these four kinds of halogenated systems exhibit the metallic behavior with free holes even at the saturated adsorption (discussed in Fig.   6 3). In short, the fluorinated graphenes sharply contrast to the other halogenated ones in geometric configurations, and so do the essential electronic properties.
It is worthy of conducting a comparison for the adatoms with strong affinities in geometric structures. There exist certain important similarities and differences among the halogenated, hydrogenated and oxidized graphenes. The former two present the optimal top-site positions, [2, 31, 36] whereas the last one is prefered to be adsorbed at the bridge site. 
Electronic properties and magnetic configurations
The two-dimensional (2D) band structures along high symmetry points are useful for examining the main features of electronic properties. Monolayer graphene has a Dirac-cone structure at the K point ( Fig. 2(a) ), owing to the extended π bondings of 2p z orbitals in a hexagonal sheet. The linear energy bands are getting into the parabolic dispersions in the increase of state energy, e.g., the parabolic bands near the M point (the saddle point in the inset). Furthermore, the σ bands, which arise from the sp 2 bondings, are initiated from the Γ point at the deeper energy. For the sufficiently low concentrations, halogen adatoms will donate free holes by the very strong affinity, leading to the distor- Fig. 2(a) ) in monolayer graphene become parabolic bands with two separated Dirac points for the F-adsorbed system ( Fig. 3(b) ), while the other halogenated graphenes only exhibit the slightly distor- could be examined using the spin-polarized STM. [40, 41] 
Chemical bondings
The main characteristics of electronic structures are directly reflected in the DOS, as shown Fig. 2(a) ). Moreover, the shoulder structures, which are associated with the (2p x ,2p y ) orbitals, come to exist at deeper energy (∼ −3 eV). They correspond to the extreme band-edge states of parabolic dispersions near the Γ point ( Fig.   2(a) ). The lower-energy DOS is dramatically altered after halogenation. Under the full fluorination ( Fig. 5(a) ), the V-shaped structure and two prominent symmetric peaks are absent, since the overall F-C interactions thoroughly destroy the π bondings of graphene.
Instead, there exist an energy gap of 3.12 eV centered at E F and several F-dominated special structures, a result of the F-F bondings in a wide energy range below the Fermi level. (2p x ,2p y ) orbitals of fluorine and carbon atoms dominate the valence-state DOS at E < −1.56 eV (pink and blue curves). They can create the shoulder and peak structures simultaneously; furthermore, the band widths related to them are more than 3 eV. These clearly illustrate the coexistence of strong F-F, C-C and F-C bonds. In addition, the 2p z orbitals only make contributions at very deep energies (the lower inset in Fig. 5(a) ). With the reduce of fluorination, there are more special structures in DOS, as indicated in Figs.
5(b)-5(d), being attributed to the narrower energy widths of F-dependent valence bands, the gradual recovery of carbon π bondings (red curves), and the partial contributions of F-2p z orbitals (cyan curves). Specifically, F-(2p x ,2p y ) orbitals can make significant contributions even for the sufficiently low concentration; however, they are revealed at narrow energy range, e.g., certain sharp peaks. Such structures result from the weakly dispersive (F,C)-co-dominated energy bands ( Fig. 2(b) ). The enhancement of π-band width becomes the critical factor in determining the magnitude of energy gap and the metallic behavior. For the low concentration, a finite DOS near E = 0 is combined with one dip structure (arrows in Fig. 5(c) ) or a zero plateau (Fig. 5(d) ) at the right-hand side. This is an evidence of the distorted valence Dirac cone (Figs. 3(d) & 2(b) ). It is also noticed that the metallic ferromagnetism is clearly revealed in the occupied/unoccupied spin-dependent DOSs of C-2p z orbitals near the Fermi level (the solid and dashed red curves in Fig. 5(c) ), in the agreement with the carbon-dominated magnetism (Fig. 4(a) ). 
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Compared with pristine graphene (Fig. 6(a) ), such strong F-O bonds lead to the deformed π bonds (pink rectangles) and thus the serious distortion of the Dirac-cone structures ( Fig.   2(a) ). Between two non-passivated C atoms, ρ shows a strong σ bonding (black rectangles), being slightly reduced after the formation of F-O bonds. The deformation of σ bonding can also be viewed in ∆ρ (black arrows). There also exist the significant F-F bonds (orange rectangles) at the sufficiently high adatom concentration. These can create the (F,C)-codominated energy bands, the F-induced energy bands, the more complicated π and σ bands, and the seriously distorted Dirac cone (Figs. 2 & 3) . The obvious spatial distribution variations on yz− and xz− planes clearly illustrate the multi-orbital hybridizations of (2p x ,2p y ,2p z ) in F-C bonds. The sp 3 bonding is evidenced in a buckled graphene structure, 
Experimental verifications and potential applications
The concentrations and distributions of halogen adatoms could be identified using experimental measurements. Both X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy have confirmed the F-concentrations of 25% for single-side and 100% for doubleside at room temperature. [24] Furthermore, fluorinated graphenes with double-side concentrations of 25% and 50% produced by exfoliating graphite fluoride in fluorinated ionic liquids are verified by transmission electron microscopy and atomic force microscopy. [25] Adjusting the F/C ratio of fluorinated graphene is very important for opening the band gap, tuning the electrical conductivity as well as optical transparency, and resolving the structural transformation. This ratio can be controlled by modifying the fluorination conditions, such as fluorination agents, temperature and time. [43, 44] In additional to fluorine, XPS and energy-dispersive X-ray spectroscopy have measured the adatom concentrations in chlorinated and brominated graphenes, revealing the ranges of 18-27% and 2-8%, respectively. [45] Also, a 8.5% coverage of Cl-adsorbed graphene is estimated by XPS measurement. [27] As to the in-plane lattice constant, the expansion by fluorination is revealed in electron diffraction pattern. [11, 30] Scanning tunneling microscopy (STM) is a useful tool to image the surface structure of a sample with sub-angstrom precision and atomic resolution, providing the spatially atomic distributions at the local nano-structures. STM measurements have been successfully utilized to resolve the unique geometric structures of the graphene-related systems, such as AB and ABC stackings of few-layer graphenes, [46, 47] the rippled and buckled graphene islands, [48, 49] and the adatom distributions on graphene surface. [50, 51] A nanoscale periodic arrangement of O atoms is confirmed using STM. [50] Specifically, STM images have revealed the hydrogen adsorbate structures on graphene surface, including the top-site positions and the distinct configurations: ortho-dimers, para-dimers, and various extended dimer structures and monomers. [51] The predicted geometric properties of halogenated graphenes, including the optimal top-site positions, the adatom-dependent heights, and the fluorination-induced buckling structure, deserve further experimental measurements.
Such examinations are very useful to identify the single-or multi-orbital hybridizations in X-C bonds.
Angle-resolved photoemission spectroscopy (ARPES) is a powerful experimental technique to identify the wave-vector-dependent electronic structures. The adsorption-induced dramatic changes in band structures could be directly examined by ARPES. For example, such measurements have identified the Dirac-cone structure of graphene grown on SiC, [52] and observed the opening of band gap for graphene on Ir(111) through oxidation [53] . The ARPES measurement on fluorinated graphenes shows a ∼0.79-eV redshift of the Fermi level below the Dirac point. [54] In addition to ARPES, other techniques can be frequently utilized to examine the metallic and semiconducting of halogenated graphenes are optical spectroscopies and electrical transport measurements. For chlorinated graphenes, the p-type doping is verified from the upshift of the graphitic G-band phonon in the Raman characterization. [27] In addition, Br 2 -and I 2 -doped monolayer graphenes [55] present the p-type doping, since the Dirac voltage at the charge neutrality point where the 4-probe resistance is maximum is shifted to higher gate voltages in the increase of molecule concentration. A 3.8-eV energy gap of high-concentration fluorographene is directly verified from photoluminescence spectrum and near edge X-ray absorption spectrum. [23] Also, the prominent features characteristic of the strong F-C bonds are confirmed by Fourier trans-form infrared spectroscopy and electron energy loss spectroscopy. A highly fluorinated graphene is verified to be transparent at visible frequencies and have the threshold absorption in the blue range, indicating a wide gap of E g ≥ 3 eV. [30] This is consistent with the high room-temperature resistance of >10GΩ in the electrical measurements. [11, 30] The scanning tunneling spectroscopy (STS) measurements, in which the tunneling conductance (dI/dV) is proportional to the DOS, can serve as an efficient method to examine the special structures in DOS. Up to now, they have verified the diverse electronic properties in graphene nanoribbons, [56, 57] few-layer graphenes, [58, 59] and adatom-adsorbed graphenes. [60, 61] As for the theoretical predictions, electronic properties, being diversified by the X-X, X-C and C-C bonds, could be test by ARPES on band structures and STS on DOS, such as the halogen-, carbon-and (X,C)-co-dominated energy bands, the destruction or distortion of Dirac cone, an enhanced DOS accompanied with a blue-shift dip/plateau structure near the Fermi level, a pair of gap-related shoulder structures, and halogenation-induced many special structures. The spin-polarized spectroscopies are available in examining the spin-split energy bands and the highly asymmetric DOSs near E F .
The high stability and remarkable properties make fluorinated graphenes become out- that the open circuit potential, cycling stability and capacitiy are greatly improved. [70] As for the other halogenated graphenes, there are promising applications such as Cl-graphenebased field-effect transistors, [71] and brominatied few-layer graphenes for highly apparent conducting electrodes with low optical losses. [72] The further studies on functionalized halogenated graphenes are expected to achieve many interesting applications.
Conclusions
In summary, we use the first-principles calculations to investigate geometric structure and electronic properties of halogenated graphenes. They are very sensitive to the kind, distri- The other halogenated graphenes belong to metals. The (p x ,p y ) and p z orbitals of halogen adatoms, respectively, create the distinct energy bands. They have the weakly energy dispersions at low concentrations, and make much contribution to low-energy DOS. The unusual hybridization-induced features result in many special structures of DOS. The carbonand adatom-dominated magnetisms are, respectively, revealed in the fluorinated and other halogenated systems. Halogenated graphenes are expected to have highly potential applications in many fields, such as lithium-related batteries, [22, 62, 70] supercapacitors, [63] ink-jet printed technologies, [65] and field-effect transistors.
[71] Table 1 : The calculated C-C and C-X bond lengths, heights (shift on z-axis) of passivated carbons, binding energies, energy gaps, and total magnetic moments per unit cell of halogenabsorbed graphene systems. The double-side structures are labeled with *. represents the very strong Cl-C bonding. 
